This study was undertaken to determine if human recombinant growth hormone (hrGH, 6 mg/d for 2 wk) would stimulate muscle protein synthesis in AIDS wasting. Healthy controls were compared with patients who were HIV+, had AIDS without weight loss, and had AIDS with > 10% weight loss. Before hrGH, rates of skeletal muscle protein synthesis, measured with l-[2H5]phenylalanine, were the same in controls and in all stages of disease. Rates of myofibrillar protein degradation, however, assessed from urinary excretion of 3-methyl histidine, were higher in AIDS and AIDS wasting than in HIV+ or healthy individuals. The group with weight loss had significantly higher TNFalpha levels but not higher HIV viral loads. Muscle function, as determined by isokinetic knee extension and shoulder flexion, was significantly higher in controls than all infected individuals. After GH, rates of protein synthesis were stimulated 27% in controls, with a smaller increase (11%) in HIV+, and a significant depression (42%) in AIDS with weight loss, despite fourfold elevation in insulinlike growth factor-I in all groups. There was a significant correlation of hrGH-induced changes in muscle protein synthesis with severity of disease (P = 0.002). The results indicate increased basal muscle protein degradation and decreased responsiveness of muscle protein synthesis to GH in the later stages of disease. 
Introduction
The profound loss of body weight, or wasting, associated with HIV infection is so widespread and dramatic (1) (2) (3) (4) that it is considered as evidence for progression of the infection to AIDS (5) . This extensive loss of lean body mass (LBM) 1 in AIDS wasting has grave consequences and is associated not only with decreased survival (6, 7) , but also with increased hospitalization and diminished quality of life (8, 9) . Suttmann (10) and Ott (11) have both demonstrated a strong correlation of loss of LBM with mortality in AIDS patients; a correlation that is independent of other parameters, including CD4 ϩ T-lymphocyte counts.
Loss of LBM, or body muscle mass that forms the bulk of LBM, is also observed in other catabolic conditions such as cancer cachexia (12) and surgical trauma (13) . Moreover, this loss of body weight, unlike weight loss associated with undernutrition, is associated with metabolic dysfunction that prevents the normal adaptation to the use of body fat to spare body protein (12) (13) (14) (15) . Although lack of nutrient intake may exacerbate the loss of muscle mass, the problem is not solely one of undernutrition, and is not reversed simply by nutritional means (e.g., see reference 16) .
Although the precise mechanism for the loss of body protein in infection and trauma has not been delineated, treatment with human recombinant growth hormone (hrGH) has been shown to promote an anabolic response of body protein in various catabolic conditions including surgical trauma (17, 18) and sepsis (19, 20) . In AIDS patients with extensive weight loss, treatment with 3-6 mg/d hrGH was associated with improved nitrogen retention over 7 d (21) and 12 wk (22) . Treatment with a lower dose of hrGH, however, (0.68 mg/d) combined with 10 mg IGF-I for 12 wk did not result in an improvement in total body protein mass in either control subjects or HIV ϩ individuals with at least 10% loss of body weight (23) .
This study was undertaken to determine directly the anabolic response of muscle tissue to hrGH administration. It has previously been demonstrated that HIV ϩ individuals are fully able to respond to the anabolic stimulus provided by intravenous nutrition with an increase in protein synthesis and a decrease in protein degradation at the whole-body level (24) . The response of the whole body, however, represents the sum of responses in individual tissues, and may mask a deficiency of response in muscle tissue, specifically. In this study, therefore, protein synthesis rates in vastus lateralis muscle were determined in control and HIV ϩ individuals before and two wk after treatment with hrGH.
dividual had documented evidence of HIV infection. Potential subjects were screened for metabolic abnormalities, including testosterone and thyroid levels, and excluded if values were outside the normal range. In addition, subjects with acute illness, active systemic opportunistic infection, diarrhea, malignancy, or recent surgery were excluded. Most, but not all subjects were taking antiretroviral therapy as well as a number of other medications including other antivirals, prophylactic antibiotics, antimycotics, and antimycobacterials, which were continued throughout the study period. Subjects on specific anabolic regimens (e.g., body-building, supplemental tube, or IV feeding) were also excluded.
HIV-infected patients are heterogeneous with respect to symptoms. In this study, HIV ϩ individuals were divided into three groups based on severity of disease. The group denoted HIV included individuals who were HIV ϩ but asymptomatic; the group denoted AIDSno weight loss included individuals who had CD4 ϩ counts Ͻ 200, but without significant weight loss. Some of these individuals had previously been treated for characteristic opportunistic infections including cytomegalovirus (CMV) (1), pneumocystis carinii pneumonia (PCP) (1), esophageal candidiasis (1), and mycobacterium avium intracellulare (MAI) (1) . The group denoted AIDS-weight loss included individuals with CD4 ϩ counts Ͻ 200, and weight loss Ͼ 10% of preillness body weight (mean weight loss, 19.2 Ϯ 2.2% [SEM]). Five of these patients had been weight-stable for 6 mo before study, and one patient had gradually lost weight at a rate of Ͻ 1 kg per mo for the preceding 3 mo. The patients in this group also had previously been treated for opportunistic infections including bacterial pneumonia (1), MAI (1), CMV (1), and PCP (1). The mean time of known HIV infection before the study date was similar for all three groups: 4.4 Ϯ 1 yr for HIV, 4.7 Ϯ 0.6 yr for AIDS, and 3.5 Ϯ 1 yr for AIDS with weight loss.
Protocol. Before admission to the Clinical Research Center, (CRC) subjects consumed a meat-free diet for 3 d and collected urine for the last 24 h of that period. Arriving at 1700 h, subjects were assessed clinically, including measurements of LBM by dual-energy x-ray absorptiometry (DEXA, model DPX; Lunar Radiation, Madison, WI), and muscle function. At 0600 h the next morning, measurements of resting energy expenditure were undertaken, followed by blood sampling for determination of IGF-I levels, TNF ␣ , and HIV load. Muscle (25) .
All subjects were taught to administer 6 mg hrGH (Serostim; generously provided by Serono Laboratories, Norwell, MA) as daily subcutaneous injections for 14 d. In addition, subjects were provided with dietary advice, including sample menus, on how to achieve an energy intake equivalent to 1.5 ϫ basal energy expenditure (from HarrisBenedict predictive equations) with the goal of achieving 20% of energy from protein, 25% from fat, and 55% from carbohydrate with a protein intake of at least 1.5 g protein per kg of body wt (or ideal body wt if body wt was Ͻ 80% of ideal). During the 2-wk hrGH treatment, subjects were monitored by telephone and returned to the CRC for biopsy wound assessment, blood glucose, and blood pressure monitoring. Immediately before the second admission, they also completed another 3 d with a meatless diet, and a 24-h urine collection on days 12-14. The second admission to the CRC was also at 1700 h on the day before the study day, and the same protocol as described above was followed except that an additional muscle biopsy was taken before the injection of L - Measurement of muscle function. A Cybex 6000 Isokinetic Dynamometer was used to measure peak muscle torque and work during reciprocal knee flexion and extension, and shoulder flexion and extension at 60 and 180 degrees per s. Testing was performed before and directly after the 2-wk period of hrGH administration. For unilateral knee testing, the subject was stabilized and aligned appropriately, and permitted up to ten repetitions to familiarize themselves with the testing device. The testing protocol consisted of six repetitions at 60 degrees per s, followed by a 2-min rest, and then 15 repetitions at 180 degrees per s through an arc of motion from 10-100 degrees flexion. The subject was then stabilized and aligned properly for testing of shoulder flexion/extension in the supine position. The protocol was identical to the knee protocol, with the exception of only ten repetitions required at the fast (180 degrees per s) speed. Range of motion was limited from 10 degrees of extension to 100 degrees of flexion. Muscle function data compared among the groups was normalized for body wt and expressed as percent.
Resting energy expenditure. Respiratory gas analysis was performed on each subject between 0600 and 0700 h before measurement of muscle protein synthesis. All subjects had been fasted overnight, and were tested in a supine position in a quiet dark room. The patient's head was placed under a ventilated hood, and carbon dioxide and oxygen content of the expired air was determined every minute using a Deltatrac metabolic monitor (Sensor Medix, Yorba Linda, CA). Patients were monitored for 40-50 min, and steady-state results obtained during the final 10-min period were used for all subsequent calculations. Equipment was calibrated using known gas concentrations before studying each patient.
Protein synthesis. Measurement of muscle protein synthesis from the incorporation of a flooding amount of L -[ 2 H 5 ]phenylalanine has been described in detail previously (25) . Frozen samples of plasma and muscle tissue were analyzed as follows. Enrichment of plasma phenylalanine was determined after acid precipitation and cation-exchange chromatography by monitoring the ions at m / z 336 and 341 of the tertiary butyldimethylsilyl derivative. The enrichment of L -[ 2 H 5 ]phenylalanine in muscle protein was determined after 0.2 mol/liter perchloric acid precipitation with extensive washing to remove free phenylalanine, hydrolysis with 6 M HCl at 110 Њ C for 24 h, enzymatic conversion to phenylethylamine (tyrosine decarboxylase; Sigma Chemical Co., St. Louis, MO), and solvent extraction. The ions at m / z 106 and 109 of the n -heptafluorobutyryl derivative were monitored with a VG MD 800 quadrupole gas chromatography mass spectrometer (Fisons Instruments, Inc., Beverly, MA) in the splitless mode after electron ionization. With this instrument there is no need to adjust the measured enrichment for the size of the sample, as was necessary previously (25, 26) . The rate or muscle protein synthesis, k s expressed as the % of the protein pool synthesized per d, was calculated from the formula:
where S B is the enrichment of phenylalanine in protein and A is the area under the plasma enrichment vs. time curve.
Measurement of IGF-I. Concentration of IGF-I in serum was determined by radioimmunoassay after acid-ethanol extraction and cryoprecipitation to remove IGF-binding activity, as described previously (27) . The IGF-I-specific antibody was supplied by the National Pituitary Program (28) , and IGF-I standards were from Upstate Biotechnology Inc. (Lake Placid, NY).
Measurement of viral load. The viral load was measured in plasma from all HIV-infected patients by bDNA nucleic acid hybridization assay using the Quantiplex HIV-RNA assay (Chiron, Emeryville, CA). The lower limit of sensitivity of this assay is 10,000 equivalents/ml of plasma. Samples were drawn immediately before the first dose of hrGH and after the last dose at week two. In brief, blood was anticoagulated with acid citrate dextrose, centrifuged, and the plasma clarified with a second centrifugation. Duplicate samples were frozen at Ϫ 70 Њ C until analysis. Results were determined using k s S B 100/A × = the manufacturer's software. For statistical analysis, values below 10,000 were arbitrarily assigned a value of 10,000. Effect of hrGH treatment was assessed by ANOVA from the paired difference of the log transforms.
Measurement of TNF ␣ . Concentration of TNF ␣ in blood was measured immediately before administration of hrGH and at week 2 after the last dose of hrGH. TNF ␣ levels were determined from duplicate samples of frozen sera using the Quantikine High Sensitivity ELISA kit (R&D Systems, Minneapolis, MN).
Measurement of 3-methyl histidine and creatinine. 3-methyl histidine (3-MH) was determined by HPLC analysis on 24-h urine samples from subjects consuming a 3-d meat-free diet. In brief, urine samples were precipitated with perchloric acid and centrifuged to remove particulate material. Samples were then derivatized with fluorescamine, as previously described (29), before their injection. Urine samples were injected onto a Waters Novapak C18 column, and fluorescence was detected with a fluorometric detector (ABI Analytical, Ramsey, NJ) using an excitation wavelength of 375 nm and a longpass filter Ͼ 418 nm. The isocratic mobile phase consisted of 1 M phosphate buffer (pH 6.5) and acetonitrile and water, 1:5:14; the flow rate was 1.0 ml/min. Urinary 3-MH was calculated based on an external 3-MH standard (Sigma Chemical Co.). Urinary creatinine concentration was determined using a standard colorimetric method (Sigma Chemical Co.).
Statistical analysis. The data are expressed as means and standard errors of the mean. Statistical evaluation of the means was by analysis of variance followed by the Student-Newman-Keuls test for multiple testing between individual groups, unless noted differently. Changes in values between the pre-and post hrGH measurements were made by the paired t test.
Results
The patient characteristics including anthropometry, CD4 ϩ counts, viral load, and TNF ␣ levels of all subjects at the time of recruitment are shown in Table I . Those individuals with the most severe illness were on average slightly older than the control group (42 Ϯ 1.5, range 35-45 vs. 34 Ϯ 2.5, range [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . The HIV and AIDS with weight-loss groups had the smallest body mass indices (BMI, wt/h 2 ); but in the HIV group this was the result of the higher proportion of females in this group rather than the wasting seen in the AIDS with weight loss group. LBM determined by DEXA, however, was not significantly different among the groups. The % body fat was lower in the AIDS with weight loss group (15.4 Ϯ 3.0%) than in control (22.7 Ϯ 3.0%), HIV (20.2 Ϯ 1.8%), and the AIDS without weight loss group (21.4 Ϯ 1.8%) although the differences among the groups were not statistically significant. CD4 ϩ levels were lower in both the AIDS and AIDS with weight loss groups than in the HIV group, and TNF ␣ levels were significantly higher in the AIDS with weight loss group than in any of the other groups.
At screening, individuals who were hypogonadal were excluded so testosterone levels were normal in all four groups of subjects (in g/dl; normal range 280-1080): control, 504 Ϯ 52; HIV ϩ , 512 Ϯ 29; AIDS without weight loss, 668 Ϯ 70; and AIDS with Ͼ 10% weight loss, 680 Ϯ 72. Thyroid function assessed from TSH levels (1.65 Ϯ 0.28, 1.63 Ϯ 0.31, 1.43 Ϯ 0.19, and 2.37 Ϯ 0.85 UIU/ml; normal range 0.4-5 in control, HIV, AIDS, and AIDS weight loss, respectively) and free thyroxine index (6.79 Ϯ 0.32, 7.01 Ϯ 0.18, 6.33 Ϯ 0.27, and 7.15 Ϯ 0.22), were also in the normal range (5) (6) (7) (8) (9) (10) (11) .
Treatment with hrGH (6 mg/day) for 2 wk produced a statistically significant increase in body weight in all groups ( P Ͻ 0.001, Table II ). Although there were individual differences in the amount of weight gained, there was no obvious difference among the groups. There was a dramatic fourfold increase in IGF-I in all the subjects studied in response to hrGH ( P Ͻ 0.001) with no discernibly different level of stimulation among the groups. Resting energy expenditure, expressed per kg of lean body mass derived from the DEXA measurement, was also increased by hrGH treatment ( P Ͻ 0.001, paired t), with similar increases observed among the groups. Viral load was not significantly affected by treatment with this dose of hrGH.
Muscle protein synthesis in the basal pre-hrGH state was not different between the control subjects and all the HIVϩ individuals (Table III) . Moreover, even after progression to AIDS with weight loss, there was no observable depression of the basal rate of muscle protein synthesis. In the 35 individuals studied, there was also no correlation of the initial rate of muscle synthesis with either age or gender.
Treatment with hrGH produced a large (27%) stimulation in protein synthesis in the control subjects (Table III) . Unlike the responses of IGF-I and REE, however, the response to hrGH was not similar across all the groups. There were progressively smaller increases in groups with increasing severity of disease, so that in the AIDS plus weight loss group, protein synthesis actually fell significantly after hrGH (paired t, P Ͻ The data are all expressed as meansϮSEM. Subjects were recruited into the study and assigned to a group based on severity of disease. The group HIV (group 1) were HIVϩ but asymptomatic. AIDS, no weight loss individuals were those individuals who had an AIDS-defining illness, but without weight loss (group 2), and AIDS, weight loss were individuals with AIDS and weight loss Ͼ 10% (group 3). Body mass index (BMI) is weight/height 2 . Lean body mass was determined by DEXA. Groups with the same superscripts are significantly different, P Ͻ 0.05. ND, not determined. 0.03). These responses to hrGH were significantly different among the groups when analyzed as paired differences (Table  III) . A similar statistical analysis is obtained from an evaluation of the proportional increases in protein synthesis. Fig. 1 illustrates the correlation of the change in muscle protein synthesis during the 2 wk of hrGH treatment vs. progression of the disease. Because the assignment of individuals to particular groups was discrete rather than continuous, statistical evaluation of the correlation in Fig. 1 was done with the nonparametric, Spearman rank correlation, which showed a highly significant relationship (P ϭ 0.002).
Because of the disparity in mean age between the control and AIDS with weight loss groups, the effect of age on stimulation of muscle protein synthesis by hrGH was also examined. Fig. 2 demonstrates that the stimulation in muscle protein synthesis in response to hrGH was not influenced by the age of the subject. The effect of gender on the responsiveness of muscle protein synthesis is difficult to assess with the small numbers of HIVϩ females in the study. In general, however, the responsiveness of female subjects was similar to male subjects within the groups. Thus, the unequal gender distribution in the groups is unlikely to have influenced the overall result. Removing females from the correlation of response with disease severity (Fig. 1) does not lose the significance, although it increases the P value to 0.006.
The two groups, AIDS-no weight loss and AIDS-weight loss, included individuals who had been previously treated for opportunistic infections and those who had not. There was, however, no difference in the response of muscle protein synthesis to hrGH between those who had previous infections and those who had not. Within the HIVϩ groups there was also heterogeneity with respect to antiretroviral treatment, but in none of the groups was there a difference in response between individuals taking these drugs vs. those who were not. Three individuals were taking protease inhibitors at the time of the study. The response of muscle protein synthesis to hrGH in these individuals was comparable to the others of their respective groups; that is, none of these individuals responded like the control subjects with increased muscle protein synthesis in response to hrGH. Although there were higher levels of TNF␣ in the AIDS with weight loss group (Table I) , there was no statistical correlation between TNF␣ levels and the magnitude of the response of muscle protein synthesis to hrGH treatment.
Myofibrillar protein degradation was assessed from urinary Post-and pre-GH IGF-I levels are significantly different (paired t, P Ͻ 0.001). REE is expressed per kg LBM from DEXA measurement. For all groups combined, basal vs. post GH, P Ͻ 0.001, paired t. The paired difference in viral load (after log transformation) between the post GH and basal values was not significantly different in any of the groups. ND, not determined. Muscle protein synthesis is expressed as a fractional rate, k s , in % per day (SEM). The initial measurement was made before growth hormone treatment. Post GH measurements were made after 14 d of GH (6 mg/d). The difference between the first and second measurements is expressed as the paired difference. Groups indicate increasing severity of disease (see description in the legend to Table I ). Groups with the same superscripts are significantly different, P Ͻ 0.05 (Student-Newman-Keuls). Figure 1 . Correlation of the response of muscle protein synthesis to hrGH in HIVϩ individuals by severity of disease. Muscle protein synthesis is expressed as the difference in fractional synthesis rate (% per day) before (k s (1) ) and after (k s(2) ) treatment with 6 mg/d hrGH. The groups are explained in the legend to Table I. The correlation is significant, P ϭ 0.002 (Spearman rank correlation).
Table III. Changes in Muscle Protein Synthesis in Response to Growth Hormone Treatment
3-MH excretion with the subjects consuming a meat-free diet. Excretion of 3-MH shown in Table IV is expressed as a ratio to urinary creatinine to correct for possible incomplete recovery of urine, and for disparity in muscle mass between individuals. Basal excretion of 3-MH was higher in each of the two groups of AIDS individuals than in either the controls or HIVϩ individuals (Table IV) . Although there was an increase in 3-MH excretion overall after hrGH treatment of 16Ϯ0.06% (P ϭ 0.035 by paired t), the increase in 3-MH was greatest in the healthiest individuals (controls and HIVϩ) with smaller increases in the AIDS individuals with and without weight loss. This trend, however, was not statistically significant.
Compared to control subjects, the basal level of muscle function normalized for body weight was lower in all infected individuals (HIVϩ, AIDS no wt loss, and AIDS wt loss). A significant depression was found in peak torque and work for both knee extension and shoulder flexion measured at two speeds when compared with controls (P Ͻ 0.05). The data for knee extension are shown in Fig. 3 . Similar patterns of reduced function were also observed with knee flexion and shoulder extension, although the data did not reach statistical significance.
After hrGH treatment, 8 of the 16 measured parameters of muscle function were significantly improved in control subjects. These included knee extension at 180Њ/s for torque and work (P Ͻ 0.05), knee flexion at 60° and 180Њ/s for torque (P Ͻ 0.01) and work (P Ͻ 0.03), and shoulder extension at 180Њ/s for torque and work (P Ͻ 0.01). In the HIVϩ group, torque for knee extension at 180Њ/s was improved (P Ͻ 0.02) as was work for knee extension at 60Њ/s. Improvement in the AIDS group was noted for knee flexion at 60Њ/s for work (P Ͻ 0.01), and for knee flexion at 180Њ/s for torque and work (P Ͻ 0.01), whereas in the AIDS weight loss individuals, improvement with hrGH was only observed in knee extension at 60Њ/s (P Ͻ 0.01).
Discussion
This study demonstrates a defect in the response of muscle protein synthesis to hrGH in subjects with AIDS wasting which is not observed in healthy individuals or in HIVϩ individuals without AIDS (Fig. 1) . Although the rate of muscle protein synthesis increased by 27% in control subjects and by 11% in HIVϩ, asymptomatic individuals, this effect was progressively diminished with the increasing severity of the disease (Table III and Fig. 1 ). This progressive decline in the stimulation of protein synthesis with increased severity of disease may explain the clinical finding that individuals with AIDS wasting are unresponsive to hrGH (23) at levels that are used for hrGH replacement in hrGH-deficient adults (0.006-0.0125 mg/kg/d), but show improved nitrogen balance with much higher levels (3-6 mg/d; 21, 22) . These data also show that AIDS wasting is clearly different from other catabolic states such as hypocaloric feeding (30) (31) (32) , surgery (33), cancer cachexia (34), glucocorticoid treatment (35, 36) , and burns (37), where hrGH has proven effective in counteracting the catabolic effects on muscle metabolism or the loss of body protein.
This decline in the anabolic response to hrGH in muscle tissue does not arise from a generalized resistance to the effect of hrGH, as there are demonstrable whole-body responses to hrGH in HIVϩ individuals such as elevated resting energy expenditure (Table II) . Moreover, the ability of the liver to produce IGF-I in response to elevated levels of hrGH was compa- Figure 2 . Correlation of the response of muscle protein synthesis to hrGH in HIVϩ individuals with age. Muscle protein synthesis is expressed as the difference in fractional synthesis rate (% per day) before (k s (1) ) and after (k s(2) ) treatment with 6 mg/d hrGH in control (᭹), HIVϩ (), AIDS, no wt loss (᭜), and AIDS, wt loss (᭜) subjects. Female subjects are shown as open symbols. The correlation with age is not significant. The subject groups are explained in the legend to Table I . Groups marked with the same letter are significantly different (P Ͻ 0.05, Student-Newman-Keuls).
Table IV. Changes in 3-Methyl Histidine Excretion (Expressed as 3-MH/Creatinine [Cr] Excretion ϫ 1000) in Response to Growth Hormone Treatment
rable at all stages of disease (Table II) . The inability of the muscle to respond to the anabolic stimulus of hrGH, therefore, seems to be specific to this tissue. Blunting of this, and possibly other anabolic stimuli, on muscle during AIDS wasting might therefore explain the selective loss of lean tissue observed in these individuals (1, 14, 15 ). There was not, however, a generalized failure of muscle to synthesize protein in individuals with AIDS plus weight loss. The basal rates of protein synthesis were similar in control subjects, in individuals with HIV infection, and even with progression to AIDS wasting (Table III) . This ability to maintain protein synthesis rates at normal levels contrasts with other catabolic states, such as the trauma imposed by surgery, where rates of muscle protein synthesis were depressed by 30-50% (16) . Therefore, alteration in muscle protein metabolism in AIDS involves a defect in response to an anabolic stimulus, rather than a more generalized failure to synthesize protein.
It is tempting to conclude that increased levels of TNF␣ in the weight loss group contributed to the failure of hrGH to promote an anabolic response in muscle. Elevated levels of TNF␣ and soluble TNF␣ receptors that correlated with the stage of disease have been observed in AIDS patients (38) , and this cytokine has been suggested as a potential mediator in AIDS wasting (for review see references 39 and 40) . In cultured human myoblasts, TNF␣ prevented stimulation of protein synthesis by IGF-I (41). Moreover, TNF␣ injections into animals have shown both depressed muscle protein synthesis (42) and enhanced muscle protein degradation (43) . The depression in protein synthesis in response to hrGH in this study, however, did not correlate with the measured circulating TNF␣ levels in individual subjects. Suppression of muscle protein synthesis was observed in individuals with TNF␣ levels that were comparable to those in other individuals displaying significant stimulation in muscle protein synthesis. Given the complexity of the immune system to produce proinflammatory cytokines including interleukins-1 and -6 and interferon ␥, it is probably too simplistic to view inhibition of muscle protein synthesis by hrGH as arising solely from increased circulating levels of TNF␣ (for review see reference 44) .
In this study it is not possible to differentiate between an inability of patients with AIDS wasting to respond to the anabolic effects of hrGH-induced IGF-I or a failure to respond to more direct effects of hrGH independent of the elevated IGF-I levels. Studies in healthy individuals designed to assess the immediate effects (within 3 h) of IGF-I on muscle protein metabolism have suggested that the ability of hrGH to stimulate muscle protein synthesis is not entirely mediated through increased circulating levels of IGF-I, since local (brachial arterial) infusion of hrGH increased muscle protein synthesis without elevating systemic levels of IGF-I (45). Moreover, although high levels of IGF-I from local infusion of IGF-I increased muscle protein synthesis in the infused arm, the more moderate levels in the systemic circulation (more comparable to those with systemic GH infusion; 46) had no effect in the control arm (47) .
Net accumulation or loss of protein from a tissue is determined by the balance between the rates of protein synthesis and rates of protein degradation. In this study, 3-MH excretion (a measure of muscle protein degradation in the whole body) before hrGH was higher in both groups of AIDS individuals, including those with and without weight loss, than in control subjects. Although protein synthesis rates were normal, the enhanced rates of myofibrillar protein degradation would result in persistent loss of muscle mass from these individuals. Although it has been suggested that after major surgery not all 3-MH production arises from the degradation of skeletal myofibrillar protein (48) , more recent studies comparing the output of 3-MH from the leg and gut with urinary 3-MH excretion in patients with various infections have demonstrated the usefulness of urinary 3-MH excretion as a marker of myofibrillar protein catabolism (49) .
In this study, 2 wk of hrGH treatment increased the rate of muscle protein degradation, assessed from 3-MH excretion, by an average of 16% across all the groups, with the largest stimulation, 28Ϯ8%, in the control and HIVϩ groups, and much smaller, statistically nonsignificant changes in the AIDS groups. The increase in protein degradation in the control and HIVϩ groups would tend to offset the stimulation in protein synthesis observed in these individuals (Table III) , so that the accumulation of muscle protein would be less than that suggested by the enhancement of synthesis alone. Correspondingly, the catabolic effect on muscle protein synthesis in the AIDS groups (Table III) would also tend to be moderated by the fact that protein degradation was not enhanced by hrGH in these individuals. Concurrent changes in protein synthesis and degradation have been observed in other anabolic conditions such as those that accompany normal growth (50) or increased muscle mass brought about by resistance training (51) when both synthesis and degradation of muscle are stimulated, with the increase in protein synthesis exceeding the increase in degradation. Although a direct effect of hrGH on muscle protein degradation has not been reported, Fryburg et al. (52) have demonstrated an enhancement in muscle protein degradation by hrGH through an inhibition of insulin's suppressive effect on muscle proteolysis.
In all three groups of infected individuals, muscle function was reduced when compared with controls before hrGH treatment (Fig. 3) . The differences in the basal muscle function were most apparent for knee extension and shoulder flexion, which may suggest a deficit specifically in muscles that mainly function against gravity. With 2 wk of hrGH treatment, muscle function was demonstrably improved in control subjects in 8 of 16 parameters measured. Although muscle function in control subjects improved with the 2-wk treatment regimen, this period was not long enough to demonstrate the same degree of improvement in HIVϩ and AIDS patients. It is likely, however, that with a longer period of treatment these patients would also show an improvement in muscle function, as has been previously demonstrated (22, 53) .
The lack of an anabolic response in muscle protein synthesis to hrGH treatment in AIDS individuals with weight loss appears to contrast with other studies demonstrating improved nitrogen balance with hrGH treatment for 7 d (21) and increased LBM and improved muscle function after 12 wk of treatment (22, 53) . Improved muscle function and increased LBM with 12 wk of hrGH (53), however, are not necessarily inconsistent with the measurements of depressed muscle protein synthesis. It may be that hrGH regulation of muscle protein occurs primarily through effects on protein degradation rather than protein synthesis. Moreover, it is also possible that longer treatment regimens, such as 12 wk, would impact positively on muscle protein synthesis. These data should not be interpreted to mean that anabolic agents such as hrGH are not useful in patients with AIDS wasting. They do, however, sug-gest that a greater anabolic response might be observed earlier in the course of the disease.
The resting energy expenditure (REE) measured before hrGH treatment, expressed per kg lean body mass derived from the DEXA measurement, showed no correlation with age or severity of disease. The lack of an age effect may well be due to the fact that age-related changes in body composition are removed from the analysis by expressing the data per kg lean body mass as determined by DEXA. The lack of a demonstrable increase in REE with HIVϩ infection is not consistent with a study of Macallan et al. (54) , who reported an increase of 14% in REE, expressed per kg lean body mass determined by anthropometry. The difference between these two studies, however, may arise from the inherent heterogeneity of HIVϩ populations. Rather than studying patients at a time when they were weight-stable and free of active opportunistic infections as was done in this study, Macallan et al. (54) included individuals who were actively losing weight with cancer, secondary infections, febrile illness, and diarrhea. These patients were more ill than the ones in this study, which probably accounts for the different observations of REE.
In response to 2 wk of hrGH treatment, all subjects showed an increase in REE (21Ϯ2%), and this increase in REE was not correlated with either the age of the subjects or the severity of disease. This increase in REE is consistent with previous reports of responses to hrGH (21, 55, 56) or IGF-I treatment (57) , and may be due in part to increased energy expenditure associated with increased anabolic processes such as protein turnover. It is clear that all subjects, including those with the most advanced disease, were responsive to the effects of hrGH on energy metabolism as well as liver production of IGF-I, which increased fourfold in response to hormone treatment.
In conclusion, this study demonstrates two aspects of muscle metabolism that contribute to the loss of muscle protein in AIDS wasting. In AIDS patients there was increased degradation of myofibrillar protein, as evidenced by higher excretion of 3-MH, under basal conditions. With normal rates of protein synthesis in these individuals, the increased rates of protein degradation would lead to continued loss of muscle protein. In addition to the higher rates of muscle protein degradation in the basal state, individuals with AIDS and weight loss were also insensitive to the anabolic effects of short-term hrGH treatment over a 2-wk period observed both in healthy subjects and in HIVϩ individuals before weight loss. This second observation has important clinical implications for the use of hrGH to restore body protein mass in wasted individuals with HIV infection. To be most efficacious, the results suggest that hrGH administration might need to precede the onset of weight loss.
